Abstract. We develop a hybrid model for large-eddy simulation of particle-laden turbulent flow, which is a combination of the approximate deconvolution model for the resolved scales and a stochastic model for the sub-grid scales. The stochastic model is based on a priori results of direct numerical simulation of turbulent channel flow. In order to correctly predict the flux of particles towards the walls an extra term should be included in the stochastic model, which corresponds to the term related to the well-mixed condition in Langevin models for particle dispersion in inhomogeneous turbulent flow. The model predictions are compared with results of direct numerical simulation of channel flow at a frictional Reynolds number of 950. The inclusion of the stochastic forcing is shown to yield a better agreement than without the stochastic part of the model.
INTRODUCTION
In recent years numerical simulation methods have been developed for the study of particle-laden turbulent flows. For larger numbers of small particles the details of the flow around each particle cannot be resolved, and a point-particle approach has to be adopted, in which correlations for the forces exerted by the fluid on a particle are used [1] . Such a DNS can only be performed at relatively low Reynolds numbers. Large-eddy simulation (LES) can be performed at higher Reynolds numbers, because in LES only the larger eddies are resolved. The absence of the small scales in the flow requires a sub-grid scale model for the fluid.
The missing scales in LES not only influence the resolved scales of the fluid flow, but also affect the motion of small particles present in the flow. The effect of the small scales on the particle motion can only be neglected when the particle relaxation time is large compared to the Kolmogorov time scale and large compared to the time scales of the smallest resolved scales in LES [2] . For smaller particles the disregard of the smallest scales of fluid velocity in the particle motion leads to significant discrepancies in the prediction of turbulent dispersion and of turbophoresis [3] .
The influence of the missing sub-grid scales can be modeled by the incorporation of a sub-grid scale model for particles. Two types of sub-grid scale models have been developed in the past. The first type is a stochastic model for the unresolved scales [4] . The second type of sub-grid models is based on approximate deconvolution [3] .
Geurts & Kuerten [5] conducted an investigation on ideal stochastic forcing of particles in LES of particle-laden channel flow in which the drag force exerted by the fluid on the particles is the only relevant force. The investigation was based on the results of DNS of particle-laden turbulent channel flow at several Reynolds numbers and particle sizes. They decomposed the fluid velocity u u u at the particle position, which is required in the particle equation of motion, into two contributions. The first is the deconvolution of the filtered fluid velocity, u u u * , at the particle position x x x and at time t and is known in LES and the second is δ u u u * = u u u(x x x,t) − u u u * (x x x,t), which needs to be modeled. Hence, the particle equation of motion can be written as:
where v v v is the particle velocity and
] the particle relaxation time with d p and ρ p the particle diameter and mass density. Moreover, Re p = d p |u u u(x x x,t) − v v v|/ν is the particle Reynolds number and ν the kinematic viscosity of the fluid. The first term on the right-hand side involves the particle sub-grid model based on approximate deconvolution [3, 6] . The second term requires additional modeling. Geurts & Kuerten [5] showed that the statistical properties of δ u u u * are identical for all investigated Stokes numbers. Moreover, the normalized probability density and time correlation functions of δ u u u * depend hardly or not on Reynolds number and Stokes number.
The results of the a priori [5] analysis are used to develop a sub-grid scale model for particles, which is a combination of ADM and a stochastic model. ADM is also used as the sub-grid scale model for the fluid. This model is tested on LES of incompressible particle-laden channel flow at Reynolds number Re τ = 950 based on the shear velocity u u u τ and half the channel height H.
GOVERNING EQUATIONS AND NUMERICAL METHOD
The fluid flow is solved with an Eulerian approach and the particles are treated in a Lagrangian way as point particles. The volume fraction of particles is sufficiently low for the one-way coupling regime to be valid. The incompressible Navier-Stokes equation in rotational form reads:
where u u u is the fluid velocity, ω = ∇ × u u u is the vorticity, P = p ρ f + 1 2 u u u 2 with p the fluctuating part of the pressure and ρ f the fluid mass density. Furthermore, F F F is the driving force per unit mass in the streamwise direction parallel to the walls of the channel, constant in time and space. Since, the ADM is used as the sub-grid model for the fluid, the Navier-Stokes equation is solved in the following form [7] :
where
and u i = G * u i is the filtered velocity with filter kernel G and we set N = 5 as advised by Stolz et al. [7] . The vorticity field of the deconvolved velocity is denoted by ω * . Moreover, in order to keep the kinetic energy contained in the smallest resolved scales constant in time, χ is dynamically adjusted. We adopt the same filter kernel and implementation of the model as originally proposed by Stolz et al. [7] . The filtered velocity field satisfies the continuity equation for incompressible flow:
Lagrangian tracking of particles is performed by numerically integrating the equation:
together with equation (1) . A solution of the Langevin equation
is taken as the model for the stochastic part in Eq. (1) [4] . Here τ is the Lagrangian correlation time of δ u u u * , C = δ u u u * rms 2/τ and w(t) is Gaussian white noise of unit variance. The RMS of δ u u u * and the correlation time both follow from the a priori analysis [5] .
An important property of models for particles is the well-mixed condition [8] , which requires that passive particles, which initially are uniformly distributed over the computational domain, should retain this uniform distribution at later times. In order to satisfy the well-mixed condition the following extension of the basic hybrid stochastic-deconvolution model is proposed [8] . It leads to an extra term in the stochastic equation for the wall-normal component of δ u * y : where y is the wall-normal coordinate and σ * y is the RMS of δ u * y obtained from the a priori results [5] . The extra term is multiplied with a function of the Stokes number f (St) in order to have the possibility to attenuate the effect of the well-mixed term for larger Stokes numbers if necessary. This function should be between 0 and 1. In order to satisfy the well-mixed condition for passive particles f (0) = 1.
The turbulent channel flow is simulated with the use of periodic conditions in the streamwise and spanwise directions and no-slip conditions at the walls. Therefore, the use of a pseudo-spectral method is convenient [3] . In the two periodic directions a Fourier-Galerkin method is applied and a Chebyshev-collocation method is used in the wallnormal direction. The time stepping method is a combination of an explicit three-stage Runge-Kutta method and the implicit Crank-Nicolson method. The equations of motion for the particles are integrated in time with a secondorder accurate two-stage Runge-Kutta method. For the interpolation of the fluid velocity to the particle positions a fourth-order accurate method is applied. Particles collide elastically with the walls of the channel. The sizes of the computational domain are 2πH, πH, and 2H in the streamwise, spanwise, and wall-normal direction respectively. The corresponding numbers of grid nodes are: 96, 128, and 97. Statistical results of the particles shown in this paper are averaged over the two homogeneous directions and over time in the statistically steady state and presented as functions of the wall-normal coordinate.
RESULTS
In general, all statistical particle velocity properties are similar or slightly improved by the use of the hybrid stochasticdeconvolution model (Eq. (7)) in comparison to the results of the sub-grid model for the particles with only the approximate deconvolution model in the particle equation of motion. For the biggest particles considered here (St = 25) also the prediction of the particle concentration is very accurate. However, the turbophoresis effect is strongly overpredicted for smaller particles, especially for particles with St ≤ 1.
The reason for the overprediction of the particles concentration close to the wall is the fact that the stochastic model does not satisfy the well-mixed condition [8] . Moreover, for passive particles, which follow the fluid flow exactly, the use of the stochastic model to generate the unfiltered fluid velocity at the particle position results in a continuous increase in particle concentration near the walls. For inertial particles with small Stokes numbers a similar behavior is found, in contrast with the DNS results, where a steady particle concentration is obtained after some time.
The concentration results of the smallest particles considered are in a very good agreement with the DNS results when the well-mixed term is added to the basic hybrid stochastic-deconvolution model (8) and f (St 1) = 1. However, the situation is different in case of larger particles. Figure 1 shows the particle concentration close to the walls for particles with St = 1 as a function of time in wall units t + = tu τ 2 /ν, for the results with Langevin equation (8) . To this end the channel is uniformly divided into 40 bins and only the concentration of particles in the first bin at both walls is shown. The effect of the extra term is indeed a decrease of the particle concentration close to the walls. We find that only for passive particles and inertial particles with St 1 the prediction of the particle concentration close to the walls is in close agreement with DNS results. For larger particles the decrease of the concentration close to the walls is too large, as can be seen in Fig. 1 for particles with St = 1. This underestimation increases with increasing Stokes number. It appears that the extra term is only required for smaller particles and should be reduced in magnitude for particles with significant inertia. Therefore, we propose to multiply the extra term with a function of Stokes number, f (St), which equals 1 for St = 0 and monotonically decreases to zero. In Fig. 1 it can be seen that a very good agreement with the DNS results is obtained if f (1) = 0.6. In a similar way optimum values of f (St) have been found for 12 Stokes numbers ranging between 0.2 and 25. The concentration results in the steady state are well described by f (St) = exp(−St/2). We expect this function to be independent of Reynolds number.
Next, the effect of the stochastic model on particle velocity properties will be shown for particles with St = 1. Results for other Stokes numbers are very similar. The stochastic model has almost no influence on the RMS of the streamwise component of the particle velocity. However, the stochastic model improves the RMS of the wall-normal and spanwise particle velocity components. The RMS of the wall-normal particle velocity component can be seen in Fig. 2 , which presents this quantity as a function of the distance from the wall in wall units, y + , for St = 1.
